The exceptional enhancement of Raman scattering cross-section by localized plasmonic resonances in the near-field of metallic surfaces, nanoparticles or tips has enabled spectrocopic fingerprinting of single-molecules and is widely used in material, chemical and biomedical analysis. Contrasting with this overwhelming practical success, conventional theories based on electromagnetic "hot spots" and electronic or chemical effects cannot account for all experimental observations. Here we present a novel theory of plasmon-enhanced Raman scattering by mapping the problem to cavity optomechanics. Using FEM and DFT simulations we calculate the optomechanical vacuum coupling rate between individual molecules and hot spots of metallic dimers. We find that dynamical backaction of the plasmon on the vibrational mode can lead to amplification of molecular vibrations under blue-detuned laser excitation, thereby revealing an enhancement mechanism not contemplated before. The optomechanical theory provides a quantitative framework for the calculation of enhanced cross-sections, recovers known results, and enables the design of novel systems that leverage dynamical backaction to achieve additional, mode-selective enhancement. It yields a new understanding of plasmon-enhanced Raman scattering and opens a route to molecular quantum optomechanics.
INTRODUCTION
In 1977 Van Duyne et al. reported the dramatic enhancement of the Raman scattering cross-section of molecules on rough metal surfaces [1] . Two decades later, this technique known as surface-enhanced Raman scattering (SERS) enabled the detection of single molecules [2, 3] . Enhancement factors in the range of 10 10 -10 14 have been reported to occur at "hot spots" [4] , regions of high electromagnetic fields associated with localized plasmonic resonances. Using the plasmon at the tip of a scanneling tunneling microscope [5] has led to a powerful analytical tool for sensitive Raman imaging: TERS (tip-enhanced Raman scattering). SERS and TERS both rely on the phenomenon of plasmon-enhanced Raman scattering, which is today widely employed in the fields of material and surface science [5] , nanotechnology [6] , chemistry [2] and even in-vivo biomedical applications [7] .
The generally accepted model for SERS and TERS invokes the combined enhancement by the plasmonic hot spot of the incoming electromagnetic field and the Raman scattered field [4, 8] . It predicts an enhancement of the Raman cross-section proportional to the fourth power of the field enhancement. Although this "E 4 law" has been verified experimentally, the observation of even larger enhancements and of anomalous Stokes/anti-Stokes intensity ratio [9] have raised the suspicion that a "vibrational pumping" mechanism was involved [10] , but the models remain phenomelogical and under debate. Moreover recent experiments based on TERS have revealed a non-linear increase of the Raman signal with pump power and unexpected spectral matching conditions [11] . These observations raise questions for both theory and new investigations [12] .
Here we show for the first time that SERS and TERS scenarios can be rigorously mapped onto the canonical model of cavity-optomechanics [13] (Fig.  1A) , in which a bi-directional optomechanical interaction takes place between molecular vibration and plasmon. An essential concept first proposed by Braginsky [14] is "dynamical backaction". Due to the finite cavity lifetime, a mechanically compliant mirror can experience out-of-phase radiation pressure fluctuations. It was first evidenced by the amplification of mechanical breathing modes in high-Q optical microresonators [15] under blue-detuned excitation. For red-detuned excitation it gives rise to cooling [16] . We find that (i) SERS and TERS systems feature the suitable dissipation and frequency hierarchies, and (ii) can exihibit exceptionally large optomechanical vacuum coupling rates, so that dynamical backaction amplification can occur and become a significant new enhancement mechanism.
MODEL
The plasmon mode is the formal equivalent of the optical cavity and is modeled by a harmonic oscillator of frequency ω p with bosonic creationâ † and annihilationâ operators and the HamiltonianĤ p = ω pâ †â (Fig. 1A) . Each normal vibrational mode of a molecule is described by an effective mass m ν , a frequency Ω ν and normal coordinates x ν with the cor- 
−1 (k B is the Boltzman constant) which for high frequency Raman-active modes (Ω ν > 500 cm −1 ) is negligible at room temperature. Moreover the energy levels are well approximated by a harmonic oscillator (Ĥ ν = Ω νb † νbν ) ( Fig. 1C ; anharmonicity is discussed below and in the Supplementary Material). Since the frequency hierarchy ω p Ω ν is satisfied, the coupling between vibrational and plasmonic modes is parametric in nature, as in the case of optomechanical systems (and in contrast to resonant coupling [17] ), and the vibrational displacement leads to a dispersive shift in the plasmon resonance frequency (Fig. 1B) according to
Denoting by α the polarizability of the molecule the optomechanical coupling rate is given by (cf. Supplementary Material)
with V m the mode volume of the plasmonic cavity [18] . The corresponding vacuum optomechanical coupling rate g ν,0 = G ν x zpm,ν describes the plasmon frequency shift related to the zero-point motion of the molecule [19] . The Hamiltonian for the complete systemĤ =Ĥ p + H ν +Ĥ int is formally identical to the one obtained in cavity optomechanics, with an interaction term [20] 
that describes the bi-directional coupling between molecular vibration and plasmon. The vibration acts on the plasmon via the dispersive shift of eq. (1). In turn, the plasmon acts back on the vibration via the generalized radiation pression force
wheren P = â †â . The resulting dynamical backaction can be described as a delayed feedback loop (Fig.   2 ) [21] . In the frequency domain, the temporal delay in the plasmonic and vibrational responses correspond to spectral filtering. The transduction from plasmon to vibration is performed by the radiation pressure force, with an amplification factor proportional to the intracavity plasmonic field √n P (induced by the pump laser). The transduction from molecular displacement to plasmon occurs through the Raman tensor which is proportional to dα dxν .
COUPLING RATE CALCULATIONS
We computed the vacuum optomechanical coupling rate between several molecules and the localized surface plasmon of a dimer nanoparticle. Molecular parameters were obtained by Density Functional Theory (DFT) simulations with Gaussian09 (Supplementary Material) and from the literature. The plasmonic field of a silver dimer was simulated with the finite element modeling (FEM) software Comsol using the Drude model to describe the nanoparticles (Supplementary Material). For a model system consisting of two 10 nm radius silver spheres separated by a 2 nm gap we find a mode volume V m 1.13 · 10 −6 λ 3 , a value compatible with previous works [22] . Table I . Vacuum optomechanical coupling rates (gν,0/2π) calculated with parameters from the literature (GBT) and from our density functional theory computations (R6G and Thiophenol) with Gaussian09. The relation between the coupling rate gν,0, the Raman activity Rν and the mode frequency Ων is given in the Supplementary Material. We used a plasmonic mode volume Vm = 1.13 · 10 −6 λ 3 (corresponding to the simulated dimer) and λL = 550 nm. Values for graphene and carbon nanotubes (CNT) are estimated using Raman activity from the literature [24] (we obtain similar values for the radial breathing mode of CNTs).
Following the conventions used in Raman spectroscopy we use for the calculations the massweighted cartesian displacement coordinates [25] Q ν = √ m ef f,ν x ν . In this notation the vacuum coupling is
The Raman activity R ν is computed (see Supplemen-tary Material) which in a simplified one dimensional model satisfies R ν = ∂α ∂Qν
2
. We obtain optomechanical coupling rates in the 10 -100 GHz range (see Table I ), which are 4 to 5 orders of magnitudes higher than in state-of-art microfabricated optomechanical structures [26] . Moreover, typical values for the plasmon quality factor (∼ 30) and for the linewidth of vibrational modes (∼ 10 cm −1 ) translate into a plasmonic dissipation rate κ/2π = 1.7 · 10
13 Hz, and a mechanical dissipation rate Γ ν /2π = 3.0 · 10 11 Hz, thereby satisfying the dissipation hierarchy Γ ν κ under which dynamical backaction amplification can set in. We also present in Table I order-of-magnitude estimates of the coupling rate for the G-band of a section of graphene or carbon nanotube placed inside the dimer gap, evidencing the promise of these systems [27, 28] to investigate the novel phenomena in molecular cavity optomechanics.
RESULTS
The plasmon-enhanced Raman scattered power is then derived by solving the quantum Langevin equations, which account for the unitary and dissipative evolution. When the dissipation hierarchy Γ ν κ is satisfied (as proved above to be valid for SERS/TERS scenarios) and neglecting -at first -dynamical backaction, the Stokes (resp. anti-Stokes) power is (Supplementary Material)
where the laser detuning is ∆ = ω L − ω p (positive corresponds to blue detuning) and the incoming photon flux |s| 2 = P in / ω L (P in being the laser power). η is the fraction of plasmonic energy decaying into radiation coupled to the excitation/detection optics. The Stokes (resp. anti-Stokes) Raman cross-section is defined by σ S/AS = P S/AS /I where I = P in /A ef f is the laser power density at the excitation spot of area A ef f . Denoting
−1 the vibrational mode thermal occupancy at temperature T (k B is the Boltzman constant), we obtain the cross-sections for Stokes σ EM S =σ S (n ν + 1) and anti-Stokes σ EM AS =σ ASnν scattering without backaction amplification, wherẽ
Because g ν,0 ∝ 1/V m we find that g ν,0 /κ represents the local field enhancement factor (see Supplementary Material). This expression thus recovers the "E 4 law" [2, 30] while explicitly showing the contribution of the plasmonic lineshape at the laser and Stokes (resp. anti-Stokes) frequencies. We thus recover from first principles the accepted electromagnetic enhancement model and find quantitative agreement with the cross-sections and enhancement factors reported in the literature, as shown in Fig. 3 in the case of thiophenol.
A NEW ENHANCEMENT MECHANISM: DYNAMICAL BACKACTION
Our optomechanical theory uncovers a novel enhancement mechanism: dynamical backaction between the molecular vibration and the plasmon resonance, which leads to a modification of the damping rate expressed under weak coupling condition (κ, Γ ν G ν ) by . The gray shaded curve shows the lineshape (arbitrary scale) of the plasmonic resonance (Q = 10). Blue-detuning the pump by approximately Ων /2 yields optimal enhancement, recovering the results of the electromagnetic theory [29] .
resolved sideband regime [31, 32] . Eq.(8) then sim-
κ . Widely studied Raman active modes have Ω ν /2π ∼ 500 -1500 cm −1 ∼ 15 -45 THz (their thermal occupancy is therefore negligle at room-temperature,n ν ∼ 10 −2 ). Despite the large plasmonic dissipation rates (with typical quality factors Q ∼ O(10), i.e. κ/2π ≈ 10 -50 THz), the condition Ω ν ≥ κ can therefore be satisfied in well-designed SERS system and dynamical backaction effects can occur under moderate pump powers, as shown in Fig. 4 .
When pumping the plasmon with blue-detuned light (∆ > 0), the backaction damping rate becomes negative (Γ dba < 0) leading to amplification [15, 33] of the vibrational mode and to an out-of-equilibirum occupancy
where C is the cooperativity
For C < 1 the Stokes and anti-Stokes cross-sections are enhanced accordingly to σ dba S =σ S (n dba ν + 1) and σ dba AS =σ AS n dba ν and they become power dependent, leading to a superlinear increase of the Raman signal with pump intensity. Also the anti-Stokes/Stokes ratio R becomes "anomalous" under dynamical backaction (i.e. exhibits values deviating from the equilibirum Boltzman factor, Fig. 4 )
When the amplification rate exceeds the damping rate (Γ dba < −Γ ν ), the theory predicts coherent regenerative oscillations (phonon lasing) [15] . The singlephoton cooperativity (eq. 10) for the 1002 cm −1 vibrational mode of thiophenol ( Fig. 3A and Table I) coupled to the simulated silver dimer (see Supplementary Material) is C 0 = 7.46 · 10 −4 . Under maximal realistic pump intensity I ∼ 10 MW·cm −2 at ω laser ∼ 3.4 · 10 15 Hz and taking η ∼ 3/4 [34] we find that the photon number inside the plasmon cavity isn p ∼ 5.7 and thus C = 4.0 · 10 −3 , still below threshold. However, assuming that the mode volume of the "hottest" spots reaches the quantum limit V m 1.7 · 10 −8 λ 3 [35] , the cooperativity becomes unity for a pump intensity of only I = 1.2 MW·cm −2 (Fig. 4B) . For a narrower plasmon resonance with Q = 30 we find the threshold intensity to be less than 0.7 MW·cm −2 (Fig. 4B) . Note that the optimal pump detuning for amplification becomes closer to ∆ = Ω ν as Q increases (deeper in the resolvedsideband regime).
Molecular vibrations exhibit non-neglible anharmonic couplings that will cause internal vibrational redistribution (IVR) [36] . This mechanism would prevent reaching the threshold for regenerative oscillations of a single mode, and at the same time it could lead to the appearance of a broad Raman background originating from higher-order vibrational transitions and roto-vibrational modes. The reduced damping rate Γ ν + Γ dba should also manifest as a reduced linewidth of the vibrational mode, but the effect could be masked by IVR damping and local heating. Observing linewidth narrowing would require highly harmonic vibrational modes.
To summarize, the new dynamical backaction mechanism uncovered by our theory of SERS and TERS predicts mode-selective vibrational amplification under blue-detuned excitation, leading to 1. an enhancement of the Raman cross-sections that is power dependent;
2. an enhancement in excess of the "E 4 law";
3. a non-equilibrium anti-Stokes/Stokes scattering ratio;
4. the appearance of a broad Raman background under high excitation due to IVR in anharmonic oscillators (like most molecular modes);
5. a reduction of the Raman linewidth for an ideal harmonic vibration (such as may be found in crystalline materials like carbon nanotubes or graphene).
OUTLOOK
The theory provides a unified, physically grounded and quantitative framework for the phenomena of SERS and TERS. It challenges the common wisdom, based on the "E 4 law", that broader plasmonic resonances -overlapping with both laser and Stokes wavelengths -achieve the highest possible enhancement. Instead we show that vibrational amplification is maximed for larger plasmon Q-factors (i.e. narrower resonances) and for precisely blue-detuned excitation (Fig. 4B) . This insight is of major relevance for the design of SERS and TERS systems for more sensitive and selective Raman spectroscopy.
More broadly, the theory lays the foundations of molecular cavity optomechanics and opens unforeseen research directions. The rich physics of cavity optomechanics is now accessible in systems of nanometric dimensions featuring coupling rates several orders of magnitude higher than state-of-the-art microfibricated devices. One example of unexpected phenomenon that should be observable is the reduction of the Stokes cross-section under simultaneous pumping with a second, red-detuned laser, which would lead to "cooling" (damping) of the vibrational mode. Other effects include optomechanically-induced transparency and frequency conversion. Finally, because of the high frequency of molecular vibrational modes, they are not thermally excited at room temperature, fostering the prospects for molecular quantum optomechanics. With the mechanical oscillator in its quantum ground state, schemes such as the creation of non-classical states of motion become feasible with simple experimental setups [37] .
